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A p r i l  27, 1989 

AWARDS ABSTRACT 
The invention r e l a t e s  t o  a high-sensi t i v i t y  ion producing apparatus f o r  

trace species detection, and  more par t icular ly  t o  a combined in-line electron beam 
generator, t race species ionizer,  and an ion extractor u t i l i z i n g  an e l e c t r o s t a t i c  
mirror f i e l d  t o  form a planar wall of electrons having as low as  zero kinet ic  
energy for  electron attachment t o  molecules of an analytic gas. 

FIGs. la and l b  i l l u s t r a t e  t h e  invention comprised of electrodes 1 through 
8 capable of'  focusing a beam of electrons to  a reversal  region R and executing a 
reversal  of the electrons,  such tha t  the electrons possess zero kinet ic  energy a t  
t h e  point of reversal and then extracting ions produced. By ad jus tment  of the 
ax ia l  posit ion fo r  the reversal  region R r e l a t i v e  t o  the point where a sample gas 
is introduced through a port 12a, the invention may be used t o  produce both nega- 
t i v e  and posit ive ions. For-negative ions, the reversal  region R is positioned 
where the sample gas is introduced f o r  low energy electron-molecule attachment 
with high efficiency using the electrodes 5, 6 and 7, as i l l u s t r a t e d  i n  FIG. 2, t o  
produce electron t r a j e c t o r i e s  as shown i n  FIG. 3(b).  Ions produced a r e  extracted 
and directed t o  a mass analyzer by switching the potent ia ls  applied t o  electrodes 
5, 6 and 7 from an electron cycle t o  an ion cycle, as shown i n  FIG. 2, where they 
may be detected and ident i f ied.  The generation and detection of posi t ive ions is 
accomplished i n  a similar fashion w i t h  minimal adjustment t o  potent ia ls  applied t o  
s h i f t  the reversal  region t o  the r igh t  s l i gh t ly  past the point where the sample 
gas is introduced. FIGs. 3(a) and 3(b) i l l u s t r a t e  the electron and ion t r a j ec -  
t o r i e s  fo r  the electron and ion cycles, respectively,  as  plotted from a computer 
model t o  a larger scale of radial  distance for  c l a r i t y .  FIG. 4(a)  i l l u s t r a t e s  
typical ion arrival-detection charac te r i s t ics  as seen on an oscilloscope for  C 1 -  
production from CC14  during an ion cycle and an electron cycle (square wave t r a i n )  
w i t h  ions arr iving for detection short ly  a f t e r  the ion cycle is turned on, and 
FIG. 4(b) shows i n  greater d e t a i l  the ions arr iving shortly a f t e r  the ion cycle i s  
t u r n e d  on i n  t h e  graph of FIG. 4(a)  where the  ion b u r s t  a r r ives  a t  t h e  detector 
approximately 15 ps a f t e r  ion extraction voltage is applied, which correspond3 to  
t h e  c h l o r i n e  i o n ' s  t ime-of - f l igh t  from t h e  i o n  extractor  through the  quadrupole 
and t o  the  detector.  FIG. 5 ( a )  i l l u s t r a t e s  Pierce extraction geometry showing the 
inclined V and VI surfaces used to  extract  a l i nea r  flow of electrons from the 
planar electron emitter i n  rectangular coordinates, and FIG. 5(b) i l l u s t r a t e s  
time-reversed electron flow i n  an analogous Pierce geometry ( i n  cylindrical-polar 
coordinates) t o  achieve electron reversal  a t  a point R of an imaginary cathode. 
FIGs. 6 (a)  and (b) i l l u s t r a t e  the electrode pulsing sequence for  extraction of 
negative and posit ive ions, respectively. FIGs. 7(a) through (f) i l l u s t r a t e  mass 
spectra of attachment and dissociative attachment i n  C C 1 4 ,  SF6, CHC13 ,  
1 , 1 ,2-C2C13F3 and c-C6F10 achieved w i t h  the present invention. The resonances i n  
FIGs. (c) and (d)  a re  a t  nonzero electron energy while those i n  FIGs. ( a ) ,  (b), 
(e )  and (f) correspond to  v i r tua l  s t a t e s  a t  zero energy. FIG. 8 is a graph of 
s e n s i t i v i t y  evaluation data of the present invention using the method of standard 
a d d i t i o n s  analysis f o r  var ious concentrations of C C 1 4  i n  N2. 

The novelty of the invention res ides  i n  the in-line arrangement of elec- 
trodes w i t h  time sharing of electrodes 5, 6 and 7 a s  shown i n  FIG. 2, and the 
production of electron t r a j ec to r i e s  as  shown i n  FIG. 3(a)  and 3(b) w i t h  electrons 
approaching the reversal  plane along pa ra l l e l  paths ' w i t h  no l a t e r a l  motion a t  the 
point of reversal for each electron. 
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J P L  Case No. 
NASA Case No 
89/116 

17596 
NPO-I 7596-1-CU 

REVERSAL ELECTRON ATTACHMEXI' 
I O N I Z E R  FOR DETECTION OF TRACE SPECIES 

O r i g i n  of the Invention 

5 The invention described herein was made i n  the perform- 
'ance of work under a NASA contract ,  and is subject t o  the 
provisions of Public Law 96-517 (35 USC 202) i n  which the 
Contractor has elected not t o  r e t a in  t i t l e .  

10 Technical Field 
The invention r e l a t e s  to  a h i g h - s e n s i t i v i t y  ion produc- 

ing apparatus for  t race species detection and more particu- 
l a r l y  t o  a combined in-line electron beam generator, t race 
species ionizer,  and an ion extractor u t i l i z i n g  an electro- 

15 s t a t i c  mirror f i e l d  t o  form a planar wall of electrons having 
as low as zero kinetic energy for electron attachment t o  
molecules of an analyt ic  gas. 

Background Art 
20 There ex is t s  a large number of molecules capable of 

attaching a zero or near-zero energy electron t o  form a nega- 

t i ve  ion. Th i s  ion may be the parent negative ion, or a 
fragment atomic or molecular ion formed via dissociative 
attachment. Energetically, t h e  curve-crossing between the 

25 lowest neutral  and negative ion s t a t e s  is made possible by the 

fact  that  the electron a f f in i ty  of some atomic (e.g., F, C 1 ,  

B r ,  I )  or molecular (e.g., CN)  component is comparable t o  the 
dissociation energy of the neutral  target .  From symmetry 

considerations, the neutral-ion t rans i t ion  a t  zero electron 
30 energy often involves a t rans i t ion  between s t a t e s  of the 

symmetric irreducible representation, except possibly the 
halogen molecules. A s  such, the energy and symmetry require- 
ment f u l f i l l  the s-wave threshold law i n  which the attachment 

cross section is aA(E)=E where 9. is the angular momentum 
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component of t h e  c a p t u r e d  e l e c t r o n ,  and E t h e  e l e c t r o n  energy.  
For k-O(s-wave) a t t a c h m e n t ,  A. C h u t j i a n  and S.H. A l a j a j i a n ,  

Phys. Rev. A 31, 2885 (19851, were t h e  first to  demons t r a t e  
f o r  t he  molecular  case tha t  the  a t t achmen t  p rocess  d i v e r g e s  as 

5 aA(E)=E -1'2. T h i s  s-wave a t t achmen t  d ivergence  had been 
s t u d i e d  earlier i n  n u c l e a r  p h y s i c s  by others i n  thermal neu- 

t r o n  c a p t u r e  by l i g h t  n u c l e i .  See E.P.  Wigner, Phys.  Rev. 73, 
1002 (1948) ;  H.A. Bethe, Rev. Mod. Phys. 9 69 (1937) .  

I n  an e f for t  t o  u t i l i z e  the  d i v e r g e n t ,  zero-energy 
10 cross s e c t i o n s  i n  SF6 and t h e  ch lo roha loca rbon  compounds, a 

t e c h n i q u e  was d i s c l o s e d  by A .  C h u t j i a n ,  e t  a l . ,  U.S. P a t e n t  
No. 4,649,278,  t o  f o c u s  an e l e c t r o n  beam i n t o  an e lectrostat ic  
mirror, where a t  t he  p o i n t  of " r e v e r s a l "  t h e  l o n g i t u d i n a l  
e l e c t r o n  energy  was t h e o r e t i c a l l y  reduced  t o  zero. I n  prac-  

15 t i ce ,  on ly  a f r a c t i o n  of e l e c t r o n s  a c t u a l l y  reach a b s o l u t e  
z e r o  energy  a t  t h e  p o i n t  of r e v e r s a l  because  of the  l a t e ra l  

( t r a n s v e r s e )  v e l o c i t y  a c q u i r e d  i n  t he  e l e c t r o n  gun. The beam 

of r e v e r s e d  e l e c t r o n s  resembles a water f o u n t a i n  having  a 

s p r a y  of f i n i t e  v e r t i c a l  v e l o c i t y  and l i m i t e d  diameter up t o  
the r e v e r s a l  r e g i o n  and a r e t u r n  s p r a y  o f  g r e a t e r  and spread-  
i n g  diameter. This  s p r e a d i n g  of the  r e t u r n  flow of e l e c t r o n s  
r e s u l t s  from a lack of shaped electrodes f o r  e l e c t r o s t a t i c  

20 

confinement  i n  t h e  r e v e r s a l  r e g i o n  where t h e  e l e c t r o n  beam 

a c h i e v e s  nea r -ze ro  e n e r g i e s .  Thus,  a f te r  i n t r o d u c t i o n  of a 
25 beam of t h e r m a l - a t t a c h i n g  molecu le s ,  n e g a t i v e  i o n s  were ex- 

tracted from the c o l l i s i o n  c e n t e r  v i a  t h e  s-wave, d i s s o c i a t i v e  

a t t achmen t  s t a t e ,  bu t  no e f for t s  were made i n  t h i s  earl ier 

development t o  op t imize  e l e c t r o n  c u r r e n t ,  r e v e r s a l  geometry,  
and e x t r a c t i o n  e f f i c i e n c y ;  no r  were p r o v i s i o n s  made t o  mini- 

30 mize the  t r a n s v e r s e  energy  s p r e a d  of the  e l e c t r o n s  a t  t h e  

r e v e r s a l  p o i n t .  
I n  order t o  u s e  t h i s  r e v e r s a l  e l e c t r o n  a t t achmen t  

t e c h n i q u e  for  i o n i z a t i o n  and i o n - e x t r a c t i o n  of t race s p e c i e s  
a t  very  low e l e c t r o n  e n e r g i e s ,  t h e  problem is to  g e n e r a t e  a 

35 l a r g e  d e n s i t y  of thermal e l e c t r o n s  i n  t h e  r e v e r s a l  r e g i o n  
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where attachment t o  molecules of extremely low concentration 
is t o  take place. 

Statement of the Invention 
5 An in-line reversal  electron, high-current ionizer- 

detector capable of focusing a beam of electrons to a reversal  

region of zero kinet ic  energy t o  produce negative ions 
through single co l l i s ion  electron attachment. By su i tab le  
adjustment of po la r i t i e s ,  i t  can also produce posit ive ions 

10 through co l l i s iona l  ionization of the t race  species by elec- 
trons of higher energy. Electron attachment t o  a molecular 

ta rge t  i n  the reversal  region produces parent or fragment 
negative ions through a zero-energy (s-wave) v i r tua l  s t a t e .  
The ions are p u l s e d  out of t h e  co l l i s ion  region to  a quadru- 
pole mass analyzer i n  l i n e  wi th  the  electron beam generator. 15 

A planar wall of zero-energy electrons is created by 

focusing the electrons into para l le l  paths through shaped 
- e lec t ros ta t ic  f i e l d s  to  a plane where the e lec tos ta t ic  f i e l d  

e f fec ts  a reversal  of the electron t r a j ec to r i e s  whi le  con- 
tinuing t o  confine the electrons t o  the same para l le l  paths i n  
the region of reversal .  T h i s  provides a high density of 
thermal electrons of energies tha t  approach and reach zero 

energy i n  the reversal  region, w i t h  no transverse energy. The 
analytic gas is continuously introduced a t  the reversal  region 

25 for ionization. Extracted ions are  focused i n t o  a window of 

an in-line mass spectrometer operated i n  t h e  negativb-ion 

mode. 

20 

Brief Description of the Drawings 
30 FIG. l(a) is an isometric view of the electron gun, 

electron reversal ,  and ion extraction lens systems of the 
present invention pa r t i a l ly  sectioned, and FIG, l ( b )  is a 

schematic cross section diagram of the s t ruc ture  i n  FIG, l (a) .  
FIG. 2 i l l u s t r a t e s  d e t a i l s  of the shaped electrodes 

35 shared for electron reversal  and ion extraction. 
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FIG. 3(a)  is a graph o f  e l e c t r o n  t r a j e c t o r i e s  c a l c u -  
lated up t o  a r e v e r s a l  r e g i o n  R d u r i n g  the  l l e l e c t r o n  on1' ha l f  

cycle, FIG. 3(b) is a graph of the  r e v e r s a l  r e g i o n  showing the  

t ime- reve r sed  Pierce-element  b e h a v i o r ,  r e s u l t i n g  i n  a v e r t i c a l  

5 llwallll of e l e c t r o n s  a t  R w i t h  z e r o  t r a n s v e r s e  and l o n g i t u d i n a l  
ene rgy ,  and FIG. 3(c)  is a graph o f  ion t ra jec tor ies  c a l c u -  
la ted up t o  a n  e n t r a n c e  window W of a quadrupole  a n a l y z e r  
d u r i n g  the  " i o n  onV1 ha l f  c y c l e .  

FIG. 4(a) i l l u s t r a t e s  t y p i c a l  i o n  a r r i v a l - d e t e c t i o n  
10 character is t ics  as s e e n  on an o s c i l l o s c o p e  f o r  C1- p r o d u c t i o n  

from C C l Q  d u r i n g  a n  i o n  c y c l e  and an e l e c t r o n  cycle ( s q u a r e  
wave t r a i n )  w i t h  i o n s  a r r i v i n g  for d e t e c t i o n  s h o r t l y  a f t e r  t h e  

i o n  c y c l e .  is t u r n e d  on ,  and FIG. 4(b) shows i n  greater de ta i l  

t h e  i o n s  a r r i v i n g  s h o r t l y  a f te r  t h e  i o n  cycle is t u r n e d  o n  i n  

15 t he  graph o f  FIG. &(a) where t h e  i o n  b u r s t  a r r i v e s  a t  t h e  

d e t e c t o r  approx ima te ly  15 LIS af te r  ion e x t r a c t i o n  v o l t a g e  is 
a p p l i e d ,  which c o r r e s p o n d s  t o  the c h l o r i n e  i o n ' s  time-of- 

f l i g h t  from the i o n  e x t r a c t o r  t h rough  t h e  quadrupo le  and t o  

the  d e t e c t o r .  
20 FIG. 5(a)  i l l u s t r a t e s  Pierce e x t r a c t i o n  geometry show- 

i n g  t h e  i n c l i n e d  V and V' s u r f a c e s  used t o  e x t r a c t  a l i n e a r  
flow of e l e c t r o n s  from the p l a n a r  e l e c t r o n  emitter i n  r e c t a n -  

g u l a r  c o o r d i n a t e s ,  and FIG. S(b) i l l u s t r a t e s  t ime- reve r sed  
e l e c t r o n  flow in a n  ana logous  Pierce geometry ( i n  c y l i n d r i -  

25 c a l - p o l a r  c o o r d i n a t e s )  t o  a c h i e v e  e l e c t r o n  r e v e r s a l  a t  a p o i n t  

R of an imaginary cathode. 

FIGs. 6(a) and (b) i l l u s t r a t e  t h e  electrode p u l s i n g  
sequence  for e x t r a c t i o n  of n e g a t i v e  and p o s i t i v e  i o n s ,  respec- 

ti v e l  y . 
30 FIGS. 7(a) t h rough  (f) i l l u s t r a t e  mass s p e c t r a  of 

a t t achmen t  and d i s s o c i a t i v e  a t t achmen t  i n  C C 1 4 ,  SFg, CHC13, 

1 ,1 ,2-C2C13F3 and c-C6F10 a c h i e v e d  w i t h  t he  p r e s e n t  i n v e n t i o n .  
The r e sonances  i n  PIGS, (c) and (d) are  a t  nonzero e l e c t r o n  
energy whi le  those i n  FIGs. (a) ,  (b), (e) and (f) c o r r e s p o n d  

35 to  v i r t u a l  s t a t e s  a t  z e r o  energy.  
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FIG. 8 is a graph of s e n s i t i v i t y  e v a l u a t i o n  data o f  the  

p r e s e n t  i n v e n t i o n  u s i n g  t h e  method of s t a n d a r d  a d d i t i o n s  
a n a l y s i s  f o r  v a r i o u s  c o n c e n t r a t i o n s  of CC14 i n  N2. 

5 Theory of Resonances 

The fo rma l  t h e o r y  of r e sonances ,  v i r t u a l  s t a t e s ,  bound 

s ta tes ,  and t h e i r  behav io r  a t  threshold has been g i v e n  w i t h i n  
s e v e r a l  frameworks and a p p l i e d  i n  s p e c i f i c  i n s t a n c e s  t o  dia-  

tomic and polyatomic s c a t t e r i n g .  I n  t h e  f o l l o w i n g  pa rag raphs ,  
10 a h e u r i s t i c  p i c t u r e  o f  t h e  a t t achmen t  p r o c e s s  is p r e s e n t e d ,  

c o n c e n t r a t i n g  somewhat more on a p h y s i c a l  p i c t u r e  rather t h a n  

on t h e  theoretical  formalism. 
For e l e c t r o n s  e(E) of energy E and a t a r g e t  mo lecu le  AB 

i n  v i b r a t i o n a l  s ta te  v ,  the  p r o c e s s  of e l e c t r o n  a t t a c h m e n t  
15 

and d i s s o c i a t i v e  a t t a c h m e n t  (DA) 

20 e ( E )  +AB( v=O 1 +A+B- ( l b )  

c o n s t i t u t e  major r e a c t i o n  c h a n n e l s  t h a t  i n f l u e n c e  t h e  behav io r  

of the upper a tmosphere,  lasers ,  e lec t r ica l  d i s c h a r g e s ,  lamps, 
gaseous  i n s l i l a t o r s ,  c i r c u i t  breakers and high-power d i f f u s e -  

25 discharge switches. They are  also t h e  p r i n c i p a l  r e a c t i o n  

c h a n n e l s  upon which t h e  e l e c t r o n - c a p t u r e  d e t e c t o r  ( E C D ) ,  used 
i n  chromotographic  s t u d i e s ,  is based: namely, t h a t  one i n f l u -  

ences  the  c u r r e n t  i n  a d e t e c t i o n  c i r c u i t  by c o n v e r t i n g  a 
mobile  e l e c t r o n  i n t o  a s l u g g i s h  n e g a t i v e  i o n  v i a  E q u a t i o n s  

30 ( l a )  and ( l b ) .  

The model c o n s i d e r e d  here is one i n  which a new bound, 
v i r t u a l  n e g a t i v e - i o n  s ta te  is born a t  th re sho ld ,  i .e.,  w i t h  a 
large s-wave component. See J. P. Gauyacq and A .  Herzenberg,  
J. Phys. B 17, 1155 ( 1 9 8 4 ) .  The mechanism of e l e c t r o n  c a p t u r e  

35 is a n o n a d i a b a t i c  c o u p l i n g  of  t h e  n e u t r a l  t a r g e t  and a nega- 
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10 

t i v e - i o n  s t a t e  formed by the  l l l oose ly  bound" e l e c t r o n .  The 

v i r t u a l  s t a t e  is associated w i t h  a pole on t h e  n e g a t i v e  k-axis  
i n  t h e  complex k p l ane .  The effect  of t h i s  p o l e ,  l y i n g  
s l i g h t l y  below the  o r i g i n ,  is t o  c a u s e  a t  low e l e c t r o n  ene r -  
g ies  enhancement of the ampl i tude  o f  t h e  e l e c t r o n  wavefunct ion 
a t  t he  t a r g e t  r e l a t i v e  t o  t h e  i n c i d e n t  wave. No a n g u l a r -  
momentum t r a p p i n g  and t ime-delay is invo lved ,  such  as i n  a 
shape  or Feshbach r e s o n a n c e  a t  higher  e l e c t r o n  e n e r g i e s .  See, 

f o r  example, A .  Herzenberg and B.C. Saha, J. Phys.  B 16, 591 
(1983) .  The enhancement of t h e  e l e c t r o n ' s  wavefunct ion a t  t he  

molecular  boundary is brought  about  by c o n s t r u c t i v e  i n t e r f e r -  
ence between t h e  incoming s-wave of t h e  form ( s i n  k r ) / k r ,  and 

t he  o u t g q i n g  wave of the form ( c o s  k r ) / k r .  I n  t h e  l i m i t  of  
small energy k r < < l ,  t h e  r a t i o  of a m p l i t u d e s  becomes 

15 , 

where 3 is the reduced deBroglie wavelength,  and r is the  

e l e c t r o n - m o l e c u l a r  c e n t e r  d i s t a n c e .  For r=4a0 and k=0.027au 
20 (0.01 eV), t h i s  enhancement is a factor of 9.2 i n  a m p l i t u d e ,  

or 85 i n  i n t e n s i t y .  
Fol lowing t h e  t r e a t m e n t  of Cauyacq and Herzenberg c i t ed  

above,  one  may e x p r e s s  the  a t t achmen t  o f  DA cross s e c t i o n  

aa(E> as 

25 

where E is the e l e c t r o n  energy i n  a u ,  and Avo is t h e  ampl i tude  
of t h e  wavefunct ion Y ( r , R )  i n  the  t ime- reve r sed  c a l c u l a t i o n  

30 f o r  a n  ion-atom c o l l i s i o n .  

e x p ( i k  r )  

r 
V 

y ( r * R )  a 2 AvXV(R) ( 4 )  
V 
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Here, r is t h e  e l e c t r o n ' s  d i s t a n c e  from the AB- c e n t e r  of  
mass, R t h e  A--B n u c l e a r  d i s t a n c e ,  kv t h e  e l e c t r o n  momentum as 

i t  c o l l i d e s  wi th  t h e  v i b r a t i o n a l  l e v e l  v i n  AB-, and x V ( R )  i s  

t h e  v i b r a t i o n a l  wavefunct ion  of l e v e l  v as a f u n c t i o n  of 

5 i n t e r n u c l e a r  d i s t a n c e .  Equat ion  (4) describes a s p h e r i c a l  
ou tgo ing  e l e c t r o n  wave which was detached i n  t h e  A--B c o l l i -  
s i o n ,  l e a v i n g  AB(v) i n  t he  vth v i b r a t i o n a l  l e v e l .  The col l i -  
s i o n  co r re sponds  t o  t h e  t ime-reversed  p r o c e s s  AB(v)+e+AB-(v') 
so t h a t  t h e  s c a t t e r i n g  c r o s s  s e c t i o n s  are related by detai led 

10 ba lance .  The impor tan t  f e a t u r e  of Equa t ion  (3) is t h a t ,  i n  
t h e  l i m i t  of E+O, t he  o u t g o i n g  ampl i tudes  A, become s lowly  
v a r y i n g  w i t h  r e s p e c t  to  E - ' I2  so t h a t  the a t tachment  cross 
s e c t i o n  e x h i b i t s  the E -'I2 d ive rgence .  

The n e g a t i v e  i o n  t h u s  formed can have s e v e r a l  fates.  If 

15 a d i s s o c i a t i v e  channel  is e n e r g e t i c a l l y  open,  t h e  i o n  w i l l  

f ragment  i n  t h e  c o u r s e  of  a s i n g l e  v i b r a t i o n .  An example of 

t h i s  d i s s o c i a t i v e  a t tachment  [Equat ion  ( 1  b ) ]  is the  breakup 
e+CC14+CC13+C1- .  I f  the  n e g a t i v e  i o n  is s t a b l e  w i t h  respect 

t o  d i s s o c i a t i o n ,  t h e n  t h e  t o t a l  e l e c t r o n  + v i b r a t i o n a l  energy  

20 w i l l  be  d i s t r i b u t e d  throughout  t h e  molecular  i o n  normal modes: 

its v i b r a t i o n a l  phase  s p a c e  is d r a m a t i c a l l y  i n c r e a s e d  t o  t h e  

p o i n t  where one has  a quasicont inuum of t r a n s l a t i o n - l i k e  
energy  l e v e l s .  Such a s t a t e  can e x i s t  f o r  times on the  order 

of t e n s  of microseconds,  after which i t  may ( a )  a u t o i o n i z e  t o  
25 the  n e u t r a l  target state,  (b) be s t a b i l i z e d  by c o l l i s i o n  wi th  

ano the r  molecule ,  or ( c )  become detected i n  an exper iment  
p r i o r  t o  a u t o i o n i z a t i o n .  

The p r e s e n t  i n v e n t i o n  e f f i c i e n t l y  g e n e r a t e s  molecular  
i o n s  v i a  n e g a t i v e  or p o s i t i v e - i o n  fo rma t ion  a t  e l e c t r o n  ener -  

30 g i e s  from z e r o  e l e c t r o n  v o l t s  t o  h igh  e n e r g i e s  (50 eV or 

g r e a t e r ) .  By o p t i m i z i n g  i n s t r u m e n t a l  f a c t o r s ,  these molecu le s  
can be detected a t  t h e  p a r t s - p e r - b i l l i o n  l e v e l  and better.  
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DETAILED DESCRIPTION OF THE INVENTION 

( a )  Overview 
R e f e r r i n g  t o  a schematic diagram of the  a p p a r a t u s  shown 

i n  FIGS. l (a)  and l ( b )  for  e f f e c t i n g  e l e c t r o n  c a p t u r e  (nega- 
5 t i v e - i o n  f o r m a t i o n )  t o  molecu le s  a t  low e l e c t r o n  e n e r g i e s ,  a 

h i g h  c u r r e n t - d e n s i t y  e l e c t r o n  beam 10 is brought  t o  a well- 

c o n t r o l l e d  r e v e r s a l  r e g i o n  R such that  a t  the r e v e r s a l  p o i n t ,  
t he  lateral  and l o n g i t u d i n a l  components of t h e  e l e c t r o n ' s  

k i n e t i c  energy are  ze ro .  A sample gas of  i n t e r e s t  is i n t r o -  
10 duced i n t o  t he  r e v e r s a l  r e g i o n  R through a p o r t  12a, and owing 

t o  the  ex t r eme ly  l a r g e  a t t achmen t  c r o s s  s e c t i o n  of  t h i s  i n t e r -  
a c t i o n  ene rgy ,  a n  ex t r eme ly  e f f i c i e n t  means for p r o d u c t i o n  of 

n e g a t i v e  p a r e n t  mo lecu la r  i o n s  is provided.  
High-speed pu l sed  e l e c t r o n i c s  s u i  t ch  the a p p a r a t u s  of 

15 FIG. 1 from molecu la r  n e g a t i v e - i o n  g e n e r a t i o n  (employing 
e l e c t r o n  o p t i c s  descr ibed below) t o  t h e  c o l l e c t i o n  and focus-  
i n g  o f  these i o n s  (employing i n - l i n e  i o n  e x t r a c t i o n  o p t i c s  
described below) t o  a s u i t a b l e  means o f  pe r fo rming  mass ana ly -  

sis and d e t e c t i o n ,  such  as  a quadrupole  a n a l y z e r  shown i n  FIG. 

20 3(c). The shaped electrodes ( e l e c t r o n  o p t i c a l  components) 1-8 

are  i n d i v i d u a l l y  c o n t r o l l e d ,  w i t h  t h e  electrode 6 shared f o r  
e l e c t r o n  i n j e c t i o n  and i o n  r e p u l s i o n ,  as  shown i n  FIG. 2, 

d u r i n g  both t h e  e l e c t r o n  i n j e c t i o n - r e v e r s a l  cycle, and t h e  i o n  
e x t r a c t i o n  cycle,  p r o v i d i n g  a n  e f f i c i e n t  i n s t rumen t  f o r  ana ly -  

25 sis of  trace s p e c i e s .  I n  a c t u a l  p r a c t i c e ,  t h e  e l e c t r o n  beam 

is pu l sed  on for abou t  50 ps and t h e n  o f f .  After abou t  2 ps, 

i n - l i n e  i o n  e x t r a c t i o n  e l e c t r o d e s  are p u l s e d  on. Ion  collec- 

t i o n  e f f i c i e n c y  is on t h e  order of 1001, and estimated detec- 
t i o n  limits can be on the  o r d e r  of 100 i o n s  per c u b i c  

30 c e n t i m e t e r  of sample gas .  

I n  acco rdance  w i t h  a f u r t h e r  f e a t u r e  of the  i n v e n t i o n ,  
i t  is p o s s i b l e  t o  n o t  o n l y  b r i n g  t he  e l e c t r o n s  t o  a zero-ener-  

gy (reversal)  f o c u s  i n  t h e  i n t e r a c t i o n  r e g i o n  R bu t  t o  a 
higher energy f o c u s  as well i n  order t o  ei ther ( a )  g e n e r a t e  

35 n e g a t i v e  i o n s  through a t t achmen t  p r o c e s s e s  o c c u r r i n g  a t  nea r  
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z e r o  e l e c t r o n  e n e r g i e s ,  or ( b )  effect  p o s i t i v e  i o n i z a t i o n  o f  
t he  trace species a t  higher e l e c t r o n  e n e r g i e s .  The i o n  ex- 

t r a c t i o n  i n  both cases is carried o u t  w i t h  t h e  same a p p a r a t u s ,  
excep t  that  e x t r a c t i o n  p o t e n t i a l s  i n  t h e  case of p o s i t i v e  i o n  

5 e x t r a c t i o n  are r e v e r s e d .  

R e f e r r i n g  t o  FIG. l(a) and l(b) i n  more de t a i l ,  elec- 
t r o n s  are g e n e r a t e d  a t  a n  i n d i r e c t l y  heated c a t h o d e  F h a v i n g  a 

p l a n a r  face, and focused  by shaped a n n u l a r  e l e c t r o d e s  ( l e n s  
e l e m e n t s )  1-6 t o  the  r e v e r s a l  r e g i o n  R. I n s u l a t i n g  spacers 

10 la t h rough  Sa shown i n  FIG. l(a) i so l a t e  t h e  e l e c t r o d e s  1-6 so 
t h a t  t h e y  may be o p e r a t e d  a t  independent  p o t e n t i a l s  i n  p rov id -  
i n g  a n  e l e c t r o d e  beam w i t h  r e v e r s a l  a t  the  r e g i o n  R. The gas 

sample of t a r g e t  t race s p e c i e s  is c o n t i n u o u s l y  i n t r o d u c e d  a t  
t h i s  p o i n t  t h rough  t h e  p o r t  12a and vented th rough  a larger 

15 p o r t  12b, and e i ther  n e g a t i v e  i o n s  are formed by a t t a c h m e n t  of  

e l e c t r o n s  i n  t he  ene rgy  r a n g e  0-20 eV, o r  p o s i t i v e  i o n s  are  

formed by bombardment wi th  e l e c t r o n s  hav ing  ene rgy  of abou t  

40 eV. 

The e l e c t r o n s  are i n j e c t e d  by impress ing  s u i t a b l e  
20 n e g a t i v e  and p o s i t i v e  v o l t a g e s  on r e s p e c t i v e  a n n u l a r  elec- 

t r o d e s  5, 6 and 7, as shown i n  FIGS. 6(a) and (b) f o r  n e g a t i v e  
and p o s i t i v e  i o n s ,  r e s p e c t i v e l y .  The v o l t a g e s  are t h e n  
switched for i o n  e x t r a c t i o n  and w i t h i n  2 Usec the  n e g a t i v e  
ions are e x t r a c t e d  through a window W. I n s u l a t i n g  s p a c e r s  6a 

25 and 7a ( o p t i o n a l )  shown i n  FIG. l ( b )  isolate  t h e  electrodes 6, 

7 and 8 so t h a t  t h e y  may be o p e r a t e d  a t  independent  p o t e n t i a l s  
while  producing t h e  e l e c t r o n s  beam and t h e n  whi le  e x t r a c t i n g  
i o n s  from the  r e g i o n  R. T h i s  s h a r i n g  o f  e l e c t r o d e s  for  elec- 

t r o n  i n j e c t i o n  and r e v e r s a l  and for i o n  e x t r a c t i o n  is i l l u s -  
30 t ra ted  i n  FIG. 2. The d u t y  c y c l e  of the  v o l t a g e  s w i t c h i n g  can 

be 50%, with 100% e x t r a c t i o n  e f f i c i e n c y  of t h e  i o n s  d u r i n g  
each i o n  cycle. Orthogonal  deflectors D1 shown i n  FIG. l(b) 

may be used t o  p r o v i d e  small e lectrostat ic  d e f l e c t i o n  f o r c e s  
on the  e l e c t r o n  beam f o r  f i n e  t u n i n g  of t he  beam p o s i t i o n  a t  

35 t h e  c e n t e r  ( ax i s )  of the  r e g i o n  R. 
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The n e g a t i v e  i o n s  are focused  a t  t h e  p l a n e  o f  t he  e x i t  

window W by e l e c t r o d e  8 biased at a p o t e n t i a l ,  nega- 
t i v e  for n e g a t i v e  i o n s  and p o s i t i v e  for p o s i t i v e  i o n s ,  t o  
c o n f i n e  t h e  i o n s  w i t h i n  a s p o t  s ize ,  and w i t h  a d i v e r g e n c e  

5 a n g l e  and f i n a l  energy a p p r o p r i a t e  t o  either a quadrupole  mass 
a n a l y z e r  or time-of-flight a n a l y z e r .  Orthogonal  d e f l e c t o r s  D2 
shown i n  FIG. l ( b )  may be used t o  p rov ide  small e lec t ros ta t ic  

d e f l e c t i o n  forces on t h e  i o n  beam for f i n e  t u n i n g  of  the beam 

p o s i t i o n  a t  the  c e n t e r  ( a x i s )  of the  e x i t  window W. It s h o u l d  
10 be noted t h a t  a r a n g e  of  f i n a l  e l e c t r o n  e n e r g i e s  can be pro- 

v ided  a t  r e g i o n  R by e s t a b l i s h i n g  t h e  r e v e r s a l  p o i n t  between 

electrodes 5 and 6 r e l a t i v e  t o  t h e  electrode 7. 
T r a j e c t o r i e s  of e l e c t r o n s  and i o n s  were c a l c u l a t e d  

u s i n g  a f u l l  space-charge f o r m u l a t i o n ,  i n  which computer- 
15 assisted d e s i g n  t e c h n i q u e s  are used t o  s o l v e  f o r  t h e  e l e c t r o d e  

geometry and p o t e n t i a l s  n e c e s s a r y  t o  a c h i e v e  the f i n a l  trajec- 
t o r i e s  p l o t t e d  i n  FIGS. 3(a), (b) and ( c ) .  The t r a j e c t o r i e s  
ach ieved  are such  t h a t  the  r e v e r s e d  e l e c t r o n  p a t h  e x a c t l y  
retraces i tself  as i t  r e t u r n s  toward the  heated cathode P, 

20 t h u s  p r o v i d i n g  a b s o l u t e  zero-energy e l e c t r o n s  i n  t h e  r e v e r s a l  
r e g i o n  R. T h i s  is accomplished by c a r e f u l l y  choos ing  t h e  

s h a p e  of the  e l e c t r o d e s  5-7. If desired,  an e l e c t r o n  beam 

f o r  nonzero bombardment may be p rov ided  t o  c r o s s  t h e  sample 
gas target i n l e t  p o s i t i o n e d  twice, once whi le  p roceed ing  l e f t  

25 t o  r i g h t  and once w h i l e  r e t u r n i n g  r i g h t  t o  l e f t .  T h i s  nonzero 
energy e l e c t r o n  beam a f f o r d s  a f ac to r -o f - two  i n c r e a s e  i n  
e f f e c t i v e  e l e c t r o n  beam d e n s i t y  a t  the  r e g i o n  R, and hence o f  

u l t i m a t e  i o n  d e t e c t i o n  s e n s i t i v i t y .  

( b )  E l e c t r o n  Cycle  and I o n  Cycle  
30 E l e c t r o s t a t i c  f i e l d  p e n e t r a t i o n  o r  o v e r l a p ,  d i s c u s s e d  

by M.T. Be rn ius ,  K.F. Man and A. C h u t j i a n ,  Rev. Sci.  In s t rum.  
59, 2418 (19881, has been i n c o r p o r a t e d  i n  t he  p r e s e n t  inven- 

t i o n .  The pr imary e l e c t r o n  s o u r c e  is the  heated ca thode  F 
which is p l a n a r  and whose o p t i c a l  p r o p e r t i e s  have been p r e -  

35 s e n t e d  by Bernil is ,  e t  a l . ,  i n  the  paper j u s t  c i ted.  The 
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e l e c t r o n s  can be accelerated up t o  600 v o l t s  and t h e n  e x t r a c t -  
ed through an a p e r t u r e  14 i n  electode 2. E l e c t r o d e  3, i n  

which there would be s i g n i f i c a n t  f i e l d  p e n e t r a t i o n  e x c e p t  f o r  
an a p e r t u r e  16 p l a c e d  t h e r e i n ,  decelerates the  beam and forces 

5 a c r o s s o v e r  i n  t h e  neighborhood of its a p e r t u r e .  This  c ros so -  
ve r  is imaged a t  t h e  r e v e r s a l  r e g i o n  R by t h e  shaped elec- 

t r o d e s  ( p r o j e c t o r  l e n s  e l e m e n t s )  4-5 immediately f o l l o w i n g .  
The f i n a l  e l e c t r o d e  5 o f  the  e l e c t r o n  gun has the  d e f l e c t i o n  
c a p a b i l i t y  t o  c e n t e r  the  beam on a x i s  w i t h  f i n e  t u n i n g  by 
electrodes D1. A computed t ra jec tory  is shown i n  FIG. 3(a). 
Note t h a t  i n  t h e  g raphs  o f  a computer model shown i n  PIGS. 
3(a),  (b) and ( c )  the  scale of rad ia l  d i s t a n c e  has been magni- 
f i e d  by a factor of  t e n  f o r  c l a r i t y  r e l a t i v e  t o  t h e  a x i a l  

d i s t a n c e s .  

10 

15 The beam is f i n a l l y  focused  a t  a p l a n e  near  t h e  a x i a l  

midpoint  of  t h e  shaped e l e c t r o d e s  ( e l e c t r o s t a t i c  mirror ele- 

ments) 5-6 which d e f i n e  t he  r e v e r s a l  r e g i o n  R. These m i r r o r  
e l e c t r o d e s  5-6 are so  shaped ( d e s i g n e d )  as t o  f a c i l i t a t e  

f o r m a t i o n  of  a collimated beam coming t o  z e r o  l o n g i t u d i n a l  and 
20 radial  v e l o c i t y  a t  t h e  r e v e r s a l  p l a n e ,  as shown i n  FIG. 3(b) .  

T h e r e f o r e  o p t i c a l  c o n d i t i o n s  t o  a s s u r e  a p r o p e r  match between 
e l e c t r o n  t ra jector ies  e x i t i n g  t h e  p r o j e c t o r  l e n s  and those 

n e c e s s a r y  t o  a c h i e v e  z e r o  k i n e t i c  energy a t  t h e  r e v e r s a l  p l a n e  
where t h e  sample gas is i n j e c t e d  are ma in ta ined  by p rope r  

25 c h o i c e  o f  v o l t a g e s  on t h e  e l e c t r o d e s  5 and 6. The f o l l o w i n g  
trajectories are t h e n  obse rved :  p a r a x i a l  r a y s  of small angu- 
lar  d i v e r g e n c e  coming t o  a f o c u s  are l ' s t r a i g h t e n e d  o u t "  t o  

p a r a l l e l  t ra jec tor ies  i n  t h e  las t  few millimeters of beam 

p a t h ,  as d e p i c t e d  i n  FIG. 3(b). The e l e c t r o n s ,  now p a r a l l e l  
30 t o  t h e  o p t i c a l  a x i s ,  come t o  a s t o p  wi th  z e r o  v e l o c i t y  i n  

bo th  l o n g i t u d i n a l  and rad ia l  components of t h e  p a r t i c l e ' s  
v e l o c i t y  a t  t he  focal p l a n e  R, and r e v e r s e  d i r e c t i o n .  I n  t h i s  

way, t he  o p t i c a l  p r i n c i p l e  of  r e c i p r o c i t y  is used t o  a s s u r e  
complete  r e d u c t i o n  of the  beam's ene rgy ,  as  w i l l  be more f u l l y  

35 d i s c u s s e d  below. 
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The e l e c t r o n  gun e l e c t r o d e s  1-5 and e l e c t r o n  m i r r o r  
e l e c t r o d e s  6-7 a re  des igned  t o  f o c u s  a 400 pA p r i m a r y  beam 

diameter t o  a 130 pm diameter i n  t h e  r e v e r s a l  r e g i o n .  Th i s  

are p o s s i b l e  because  t he  shaped e l e c t r o d e s  compensate f o r  
5 s p a c e  charge. Beams of  less c u r r e n t  (and lower v o l t a g e )  are  

easily accommodated with proper  r e t u n i n g  of  t h e  o p e r a t i n g  
electrode v o l t a g e s .  I n  a c t u a l i t y ,  t h e  e l e c t r o n  beam is not  

e n t i r e l y  of uniform e l e c t r o n  ene rgy ,  even though t h e  electrode 

s h a p e s  and a p e r t u r e s  a l o n g  the  p a t h  o f  the beam are i n t e n d e d  
10 t o  f a v o r  e l e c t r o n s  of uniform energy.  An a p e r t u r e  p l a c e d  a t  

t h e  major f o c a l  p o i n t  o f  a chromatic l e n s  w i l l  perform energy 
s e l e c t i o n ,  f a v o r i n g  t h a t  energy band whose f o c a l  p o i n t  c o r r e -  
sponds to the a p e r t u r e  p l a n e  as a f u n c t i o n  of  the a p e r t u r e  
s i z e .  L i k e w i s e ,  an a p e r t u r e  s t o p  placed a t  t h e  Gaussian image 

15 p l a n e  w i l l  a lso improve chromatic f i l t r a t i o n  when d e a l i n g  w i t h  

small c y l i n d r i c a l l y - s y m m e t r i c  o b j e c t  sources undergoing demag- 
n i f i c a t i o n .  See G.F. Rempfer and M.S. Mauck, J. Appl. Phys. 

63, 2187 (1988) .  T h e r e f o r e ,  i n  p r a c t i c e ,  an ensemble o f  
r e v e r s a l  c o n d i t i o n s  w i l l  e x i s t  i n  t he  neighborhood of  t h e  

20 c a l c u l a t e d  reversal p l a n e  R .  

The terms l l r e v e r s a l  plane" and l l r e v e r s a l  r eg ion"  are 
used t o  refer t o  s u b s t a n t i a l l y  t h e  same area o f  t h e  e l e c t r o n  

beam p a t h  bu t  w i t h  t he  more p r e c i s e  term " r e v e r s a l  p l a n e  R f l  as 

i n d i c a t e d  i n  FIG. 3(b) when r e f e r r i n g  t o  t h e  p l a c e  o f  r e v e r s a l  
25 of t h e  e l e c t r o n s ,  and t h e  less  p r e c i s e  term l l r e v e r s a l  r e g i o n  

R" when r e f e r r i n g  t o  t h e  p l a c e  o f  i o n i z a t i o n  o f  t h e  sample 
gas. Note t h a t  the  r e v e r s a l  p l a n e  R may be s h i f t e d  t o  t h e  

r i g h t  a l o n g  t h e  Z a x i s  for nonzero energy i o n i z a t i o n ,  i .e.,  

f o r  producing p o s i t i v e  ions .  Fo r  t h i s  r e a s o n ,  special  p rov i -  
30 sions are i n c o r p o r a t e d  i n  t h e  d e s i g n  of the  ion - focus ing  

electrodes 6-8 t o  se lec t  t h e  p o s i t i o n  of t he  r e v e r s a l  p l a n e ,  
and t o  f o c u s  i o n s  found there i n t o  t h e  a c c e p t a n c e  window lf of 
t h e  quadrupole  mass a n a l y z e r  20 shown i n  FIG.3(c). The shaped 
e l e c t r o d e s  6 and 7 ,  coup led  w i t h  shaped e l e c t r o d e s  7 and 8 ,  

35 are q u i t e  s e l e c t i v e .  By matching o p e r a t i n g  v o l t a g e s  wi th  
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a p e r t u r e  s i z e  on the  e x i t  window W o f  e l e c t r o d e  8, o n l y  t h o s e  
i o n s  from a d e p t h  Az o f  the r e v e r s a l  r e g i o n  R w i l l  be f o c u s e d ,  
mass ana lyzed  and detected. For the  p r e s e n t  example of the  

i n v e n t i o n ,  Az=0.8mm was used.  
5 ( c )  E l e c t r o n  Focusing and I o n  E x t r a c t i o n  

The e l e c t r o n - f o c u s i n g  and i o n - e x t r a c t i o n  o p e r a t i o n s  
shown i n  FIGS. 3(a) and 3(c) are  a l t e r n a t e l y  swi t ched  on ,  as 

w i l l  now be descr ibed w i t h  r e f e r e n c e  t o  FIG. 6 (a) .  E l e c t r o n s  
are focused and r e v e r s e d  a t  r e g i o n  R d u r i n g  one -ha l f  of a 

10 square-wave s w i t c h i n g  cycle t iming  s i g n a l ,  t h e n  s h u t  off by 
a p p l y i n g  a l a r g e  n e g a t i v e  v o l t a g e  on a n n u l a r  shaped e l e c t r o d e  
5. After a few microseconds i n t o  t h e  second ha l f  of  the 

c y c l e ,  t h e  i o n s  are e x t r a c t e d  by a p o s i t i v e  v o l t a g e  on annu- 
l a r  shaped electrodes while e l e c t r o d e  6 is he ld  a t  z e r o  v o l t s .  

15 Ion  t r a j e c t o r i e s  are shown i n  t h e  computed s i m u l a t i o n  of FIG. 

3(c). A l t e r n a t i n g  between the  e l e c t r o n  c y c l e  and t h e  i o n  
c y c l e  is t h u s  accomplished by s w i t c h i n g  v o l t a g e s  a p p l i e d  t o  

shaped e l e c t r o d e s  5-7. Those v o l t a g e s  are a p p l i e d  s u f f i c i e n t -  
l y  f a s t  so t h a t  t he  g e n e r a t e d  n e g a t i v e  i o n s  cannot  d r i f t  from 

20 their  o r i g i n  by more t h a n  about  o n e - t h i r d  t he  l e n s  diameter 

d u r i n g  t h e  time it takes t o  switch v o l t a g e s .  
During a n  e l e c t r o n  cycle i n d i c a t e d  i n  FIG. 2, t h e  

shaped electrode 5 is p u l s e d  t o  a p o s i t i v e  v o l t a g e  (+40V) f o r  
f o c u s i n g  the  e l e c t r o n  t r a j e c t o r i e s  as shown i n  FIG. 3(b),  

25  whi le  t h e  e l e c t r o d e s  6 and 7 are  b o t h  he ld  a t  a p o t e n t i a l  
s u f f i c i e n t l y  n e g a t i v e  (-1OV) t o  produce e l e c t r o n  r e v e r s a l  a t  

the p l a n e  R. E l e c t r o d e s  1, 2, 3 and 4 r ema in  a t  t h e i r  se- 

lected p o s i t i v e  p o t e n t i a l s  w i t h  r e s p e c t  t o  t h e  ca thode  v o l t a g e  
f o r  s h a p i n g  and f o c u s i n g  t h e  e l e c t r o n  beam 10. Following a n  

30 e l e c t r o n  cycle,  a n  i o n  c y c l e  i n d i c a t e d  i n  FIG. 2 is i n i t i a t e d  
by p u l s i n g  the  e l e c t r o d e  7 t o  a high p o s i t i v e  v o l t a g e  (+850V) 
and the  electrode 5 t o  a n e g a t i v e  (-2OOV) p o t e n t i a l  while t h e  

e l e c t r o d e  6 is switched t o  z e r o  v o l t s ,  as shown i n  FIG. 6(a). 

T h i s  r e p e l s  n e g a t i v e  i o n s  away from the r e g i o n  R w h i l e  t h e  

35 p o s i t i v e  e l e c t r o d e  7 e x t r a c t s  the  i o n s .  The shaped electrode 8 
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r ema ins  a t  a p o s i t i v e  p o t e n t i a l  f o r  f o c u s i n g  t h e  i o n  beam i n t o  
the  window W. 

For producing p o s i t i v e  i o n s  by bombardment w i t h  elec- 

t r o n s ,  t he  r e v e r s a l  p l a n e  is a d j u s t e d  f u r t h e r  toward t h e  

5 e l e c t r o d e  7 i n  o r d e r  t h a t  t h e  e l e c t r o n s  c r o s s i n g  t h e  p a t h  of 

the  sample g a s  i n t r o d u c e d  through t h e  p o r t  12a w i l l  have a 
h i g h e r  energy ( a b o u t  40 elf). T h i s  is accomplished by changing 
t h e  s w i t c h i n g  v o l t a g e s ,  as shown i n  FIG. 6(b) ,  t o  p r o v i d e  a 
p o s i t i v e  v o l t a g e  on e l e c t r o d e  5 i n  order t o  c o n t i n u e  f o c u s i n g  

10 e l e c t r o n s  i n  p a r a l l e l  p a t h s ,  as shown i n  FIG. 3(b) ,  and to  

p r o v i d e  a more n e g a t i v e  v o l t a g e  on t h e  e l e c t r o d e  7. For 

e x t r a c t i o n  of  t h e  p o s i t i v e  i o n s ,  t he  v o l t a g e s  a p p l i e d  t o  t h e  

e l e c t r o d e s  5 and 7 are r e v e r s e d  i n  p o l a r i t y  d u r i n g  the  i o n  

cycle. By u s i n g  h i g h - v o l t a g e ,  f u l l - f l o a t i n g  s w i t c h i n g  elec- 
15 t r o n i c s  r e s p o n s i v e  t o  t h e  s i g n a l  f o r  s w i t c h i n g  cycle t i m i n g ,  

as descr ibed by t h e  i n v e n t o r s  i n  a paper  t i t l e d  t 'High-voltage,  
f u l l - f l o a t i n g  10-MHz square-wave g e n e r a t o r  w i t h  phase  con- 
t r o l , t t  Rev. o f  Sci .  I n s t r . ,  60, 779 (1989) ,  and i n  a copending 

U.S. p a t e n t  a p p l i c a t i o n  f i l e d  March 31, 1989, Ser ia l  No. 
20 07/331,160, f a s t  s w i t c h i n g  o f  the l e n s  p o t e n t i a l s  are 

ach ieved .  
A f a s t  (50 n s )  rise-time high-frequency square-wave 

g e n e r a t o r  is d i s c l o s e d  i n  t h a t  paper  and p a t e n t  a p p l i c a t i o n  
t h a t  is capable of s w i t c h i n g  between a r b i t r a r y  v o l t a g e s  of 

25 high p o t e n t i a l  d i f f e r e n c e  u s i n g  h i g h - c u r r e n t  d r i v e r s  for power 

f i e l d - e f f e c t  t r a n s i s t o r s .  Swi t ch ing  s i g n a l s  are p rov ided  t o  
t h e  h igh -cu r ren t  d r i v e r s  from a logic  network th rough  o p t o i s o -  
l a t o r s .  High-vol tage square-wave p u l s e  t r a i n s  of c o n t r o l l a b l e  
phase are produced i n  t h e  l o g i c  network. Other phase -ad jus t  

30 l o g i c  networks may, o f  c o u r s e ,  be employed as well as other 

d r i v e r s  f o r  high power f ie ld-effect  t r a n s i s t o r s .  Square-wave 
p u l s e  t r a i n s  of v a r i a b l e  d u t y  c y c l e  are  used,  and t h e y  p e r m i t  
e a s y  o b s e r v a t i o n  of  t h e  i o n  p u l s e s  as t h e y  a r r i v e  synchronous- 

l y  d u r i n g  t h e  i o n  on c y c l e .  T y p i c a l  i on  a r r i v a l - d e t e c t i o n  
35 character is t ics  are shown i n  t he  t i m i n g  diagram of FIG. 4(a) 
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where t h e  waveform A r e p r e s e n t s  the  t i m i n g  of the h igh -vo l t age  

s q u a r e  wave a p p l i e d  f o r  i o n  e x t r a c t i o n ,  and t h e  waveform B 
r e p r e s e n t s  t h e  t i m e - o f - f l i g h t  (TOF) of t h e  i o n s  which i s  

complete  after 25 ps. FIG. 4(b)  i l l u s t r a t e s  the TOF r e s p o n s e  
5 f o r  one i o n  e x t r a c t i o n  p e r i o d  shown i n  FIG. 4(a). Note t h a t  

t h e  i o n  i n t e n s i t y  a t  the  d e t e c t o r  of the  quadrupole  a n a l y z e r  

20 shown i n  FIG. 3(c) d r o p s  o f f  q u i c k l y  once t h e  s i g n a l  asso- 

ciated wi th  t h e  " i o n  on" c y c l e  is i n i t i a t e d .  The i o n  s i g n a l  
b u r s t  a r r i v e s  a t  t he  d e t e c t o r  approx ima te ly  15 p s  af te r  t h e  

10 i o n  e x t r a c t i o n  v o l t a g e  is a p p l i e d  as shown i n  FIG. 4(b) .  Tha t  
time d e l a y  co r re sponds  t o  t h e  TOF of  the  c h l o r i n e  i o n s  from 
the  r e v e r s a l  r e g i o n  R af te r  p r o d u c t i o n  from CC14.  

E x t r a c t e d  i o n s  are focused  o n t o  the  e x i t  window W w i t h  

a f i n a l  energy,  a n g u l a r  d i v e r g e n c e  and diameter s u i t a b l e  f o r  

15 the quadrupole  mass a n a l y z e r  20 shown as a f u n c t i o n a l  b lock  i n  
FIG. 3(c). D e t e c t i o n  is ach ieved  i n  such a mass a n a l y z e r  by 

means of  a channel- type e l e c t r o n  m u l t i p l i e r  and p u l s e  a m p l i f i -  
ers. 

20 Design o f  t he  I o n i z a t i o n  Region 

1 .  The E l e c t r o s t a t i c  Mirror 
T y p i c a l  e l e c t r o n  f i l a m e n t  s o u r c e s  employ a Pierce 

geometry [ J . R .  Pierce, J. Appl. Phys. 11, 548 (194011 f o r  t h e  

e f f i c i e n t  e l e c t r o n  e x t r a c t i o n  whi le  m a i n t a i n i n g  a p a r a l l e l  
25 a x i a l l y - f l o w i n g  beam. Th i s  is accomplished by the  electro- 

s t a t i c  p o t e n t i a l  t h a t  t h e  e l e c t r o d e  geometry sets up which 

c o u n t e r a c t s  space-char ge r e p u l s i o n  of the e l e c t r o n s  d u r i n g  

i n i t i a l  a c c e l e r a t i o n  from t h e  f i l a m e n t .  I t  t h e r e f o r e  f o l l o w s  
t h a t  a r e v e r s e - P i e r c e  geometry would f a c i l i t a t e  m a i n t a i n i n g  a n  

30 a x i a l  beam d u r i n g  d e c e l e r a t i o n  by t h e  o p t i c a l  p r i n c i p l e  of 

r e c i p r o c i t y .  I n  pract ice ,  s l i g h t  m o d i f i c a t i o n s  are n e c e s s a r y ,  
which w i l l  now be e x p l a i n e d .  

I n  one dimension,  t h e  Child-Langmuir space-charge law 
can be  r e a r r a n g e d  t o  show t h a t  t h e  p o t e n t i a l  v a r i e s  as t h e  4 /3  
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power of  t he  d i s t a n c e  x between the  c a t h o d i c  emitter and t h e  

a c c e l e r a t i n g  anode (Wehnelt e l e c t r o d e ) ,  v i z :  

V O C )  = 

where V r e p r e s e n t s  t h e  

2 13 ( 4 & 4  J2'3x4/3 

e m i t t e r - a c c e l e r a t o r  p o t e n t i a l ,  J is t h e  

magnitude of the  c u r r e n t  d e n s i t y ,  c 0  is  t h e  p e r m i t t i v i t y  o f  
f ree  space  and q/m = 1 . 7 5 9 ~ 1 0 ~ ~  C kg" f o r  e l e c t r o n s .  

A two-dimensional d e s c r i p t i o n  i n  r e c t a n g l i l a r  c o o r d i -  

n a t e s  i f  found by conformal  t r a n s f o r m a t i o n  where now s u b s t i t u -  

t i o n s  are made by o r t h o g o n a l  f u n c t i o n s  s a t i s f y i n g  t h e  

Cauchy-Riemann r e l a t i o n s .  I t  w i l l  be found t h a t  t h e  V=O 

s u r f a c e  o r i g i n a t e s  a t  t h e  o r i g i n  ( x , y  = 0)  and w i l l  be a 

s t r a i g h t  l i n e  s u b t e n d i n g  a n  a n g l e  0 = 3 ~ / 8  t o  the  x -ax i s .  Th i s  

r e p r e s e n t s  an e l e c t r o d e  p l aced  around the  ca thode  F and t y p i -  
ca l ly  h e l d  a t  t h e  same p o t e n t i a l .  The anode s u r f a c e  is more 
d i f f i c u l t  t o  e v a l u a t e  a n a l y t i c a l l y ,  b u t  t h e  numer i ca l  t r e n d  
leads t o  a Wehnelt electrode s h a p e  t h a t  is less c o n i c a l  n e a r  

t he  beam path.  T h i s  is t h e  well-known P i e r c e - e l e c t r o d e  geo- 

metrical arrangement  and is shown i n  FIG. 5(a). The o p e r a t i o n  
descr ibed is independent  o f  time, hence under  t i m e - r e v e r s a l  a 

beam p a r a l l e l  t o  t h e  o p t i c a l  a x i s  w i l l  remain p a r a x i a l  as  i t  

is decelerated i n  t h e  same e l e c t r o s t a t i c  arrangement .  
By numer i ca l  s i m u l a t i o n  a modif ied geometry w a s  calcu- 

la ted f o r  t h e  c y l i n d r i c a l l y - s y m m e t r i c  case which would a lso 

s e r v e  as an e l e c t r o s t a t i c  m i r r o r ,  a c h i e v i n g  p a r a x i a l  flow 

d u r i n g  d e c e l e r a t i o n .  I n  t h i s  case, t h e  r eve r se -anode  would be 

more c o n i c a l  t han  t h e  r e v e r s e - P i e r c e  e l emen t ,  a s  shown i n  
FIG.5(b) .  Then, a t  t h e  r e v e r s a l  p o i n t  ( t h e  p o s i t i o n  o f  t he  

imaginary c a t h o d i c  f i l a m e n t ) ,  t h e  a b s o l u t e  v e l o c i t y  of the  

space-charge l i m i t e d  e l e c t r o n  beam would be z e r o ,  wi th  no 
t a n g e n t i a l  component. 
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2. I o n  E x t r a c t i o n  
I o n s  are formed by e l e c t r o n  a t t achmen t  o r  DA t o  t h e  

t a r g e t  g a s  i n  t h e  e l e c t r o n - r e v e r s a l  r e g i o n  R. To p r e v e n t  a 

l a r g e  c u r r e n t  of  e l e c t r o n s  from r e a c h i n g  the window W and t h e  

5 mass a n a l y z e r ,  i t  is desirable  t o  switch o f f  t h e  e l e c t r o n s  and 
wait f o r  e l e c t r o n s  t o  d i s p e r s e  under coulombic r e p u l s i o n .  T h i s  

time i n t e r v a l  shou ld  be chosen shor t  enough so  t h a t  t h e  

slower-moving i o n s  migrate o n l y  s l i g h t l y  from t h e i r  p o i n t  of  

o r i g i n .  I n  p r a c t i c e ,  t h e  swi t ch ing -o f f  is accomplished i n  50 

10 n s ,  and t h e  i o n  e x t r a c t i o n  v o l t a g e  (50 n s  risetime) is i n i t i -  

ated 0.5 - 3 ps l a te r .  
I n  a d d i t i o n ,  t he  bu lk  o f  i o n s  are i n c o n v e n i e n t l y  i n  t h e  

middle of  t h e  e l e c t r o n  m i r r o r ,  n o t  i n  a p o s i t i o n  conducive t o  
e a s y  e x t r a c t i o n .  T h e r e f o r e ,  an a d e q u a t e l y  shaped i o n  e x t r a c -  

15 t o r  e l e c t r o d e ,  a c t i n g  under p u l s e d  h igh  p o t e n t i a l  o u t  of phase 

by a h a l f  cycle t o  t he  e l e c t r o n  f o c u s i n g  system is employed 
for e f f i c i e n t  i o n  c o l l e c t i o n .  A l l  electrode s h a p e s  have been 
op t imized  by compute r - a s s i s t ed  numer i ca l  s i m u l a t i o n  o f  the 

p o t e n t i a l  f i e l d  and t h e  e q u a t i o n s  of motion, t a k i n g  i n t o  
20 c o n s i d e r a t i o n  the  thermal d r i f t  o f  the  i o n s  due t o  t h e i r  

k i n e t i c  energy a t  o n s e t .  

3 .  The Combined System 
Combining t h e  e l e c t r o n  r e v e r s a l  and i o n  e x t r a c t i o n  

25  geometry is ach ieved  by s h a r i n g  t he  middle  e l e c t r o d e s  6 a s  is 

shown i n  FIG. 2, and i n  FIGS. 6(a) and (b). The two elec- 

trodes 6 and 7 form the f i n a l  mirror f i e l d .  The electrode 5 

forms t h e  i n i t i a l  f i e l d  o f  t h e  e l e c t r o s t a t i c  mirror. During 
t h e  i o n  e x t r a c t i o n  c y c l e ,  e l e c t r o d e  5 is b i a s e d  t o  r e p e l  the 

30 i o n s  formed between e l e c t r o d e s  5 and 6 whi le  electrode 7 is 

h e l d  a t  a high p o t e n t i a l  a p p r o p r i a t e  for ion  e x t r a c t i o n .  The 

p o t e n t i a l  electrode 6 is chosen t o  p rov ide  s u i t a b l e  l e n s  
a c t i o n  a t  t h e  i n t e r f a c e s  of electrodes 5 and 6 ,  and e l e c t r o d e s  

6 and 7 improving t h e  e f f i c i e n c y  of i o n  e x t r a c t i o n  i n  t h i s  

35 r e g i o n  t o  100%. 
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Shown also i n  FIG. 2 is  the  gas i n l e t  a n n u l a r  p o r t  12a 
i n  e l e c t r o d e  6. C o n s i d e r i n g  o n l y  molecular  gas flow under an 
o p e r a t i n g  vacuum of  t o r r ,  t h e  e f f l u e n t  gas forms a narrow 
l l je t l l  d i s t r i b u t i o n .  Its g r e a t e s t  d e n s i t y  is t h u s  r e a s o n a b l y  

5 c o n f i n e d  t o  t h e  midpoint  on the  a x i s  between electrodes 5 and 
6, as  shown i n  FIGS. 3(a) and 3(c). 

By a d j u s t i n g  the  v o l t a g e s  p r o p e r l y ,  t he  r e v e r s a l  p o i n t  
can  be moved t o  t h e  r i g h t  of  t h e  molecu la r  beam's g r e a t e s t  
d e n s i t y  so as t o  a c h i e v e  nonzero e l e c t r o n  energy i n t e r a c t i o n s  

10 i n  t h e  c o l l i s o n  r e g i o n .  I n  p r a c t i c e ,  e l e c t r o n  bombardment 
e n e r g i e s  as h igh  as  200 eV have been ach ieved .  T h i s  t u n a b l e  
arrangement a l l o w s  f o r  t h e  p r o d u c t i o n  o f  p o s i t i v e  i o n s ,  t y p i -  
c a l l y  a c h i e v e d  a t  bombarding e n e r g i e s  of 50-80 eV. The sys t em 
t h e n  behaves as a c o n v e n t i o n a l  r e s i d u a l  gas a n a l y z e r .  

15 
Test Resu 1 t s 

( a )  Experimental  Arrangement 

The p r e s e n t  s y s t e m  accomplished mass a n a l y s i s  u s i n g  a n  
E x t r e l  quadrupole  mass s p e c t r o m e t e r  which can p rov ide  u n i t  

20 mass r e s o l u t i o n  up t o  500 amu. The arrangement  of  FIGS. la 
and l b  and t h e  quadrupo le  mass f i l t e r  were housed i n  a s t a i n -  
less s t ee l  UHV chamber, l i n e d  wi th  1.5 mm t h i c k  mu metal t o  

s h i e l d  e x t e r n a l  magnet ic  f i e l d s  t o  less than  10 mG over  t h e  

electrode r e g i o n  from electrodes 3 t o  8, i n c l u s i v e .  The 
25 chamber was pumped by a 1500 R/s ( a i r )  Edwards o i l - d i f f u s i o n  

pump w i t h  a l i q i i i d  n i t r o g e n  t r a p .  O p e r a t i n g  p r e s s u r e s  w i t h  

gas load were between 1 . 0 ~ 1 0 - ~  and 5 . 0 ~ 1 0 - ~  t o r r ,  w i t h  a base 

p r e s s u r e  o f  5 . 0 ~ 1 0 - ~  torr. 
Samples of  high p u r i t y  gases and l i q u i d s  were o b t a i n e d  

30 from t h e  Matheson Gas Co. and Aldr ich  Chemical Co. The l i q -  

u i d s  invo lved  were housed i n  special  pyrex ampules and were 

s u b j e c t e d  t o  a t  least  f i v e  freeze- thaw cycles t o  remove t r a p -  

ped a i r .  P r i o r  t o  e n t e r i n g  the  p o r t  12a o f  t he  sys t em,  a 

p r e c i s i o n  leak v a l v e  was employed t o  d e l i v e r  r e p r o d u c i b l e  gas 

35 f lows  t o  t h e  e l e c t r o n - r e v e r s a l  r e g i o n .  A l l  l i n e s  and v a l v e s  
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were wrapped i n  h e a t i n g  t a p e  and warmed t o  350 K t o  p r e v e n t  
condensa t ion  and /o r  a d s o r p t i o n  of t h e  vapor s  i n  t h e  a p p a r a t u s .  

The data h a n d l i n g  system c o n s i s t e d  of a p r e a m p l i f i e r  

wired to  the quadrupo le ' s  c h a n n e l t r o n  detector,  which d e l i v e r s  
s i g n a l s  t o  a TTL d i g i t a l  c i r c u i t  producing 5 - v o l t  p u l s e s  cor- 
r e s p o n d i n g  t o  c o u n t s  above a p r e s e t  t h r e s h o l d .  S i g n a l  i n t e n -  
s i t y  p e r  mass is read on either an Ortec c o u n t - r a t e  meter, or 
on a s ing le -channe l  scaler. No p r o v i s i o n  was 
p u t e r  c o n t r o l  or m u l t i c h a n n e l  s c a l i n g  a n a l y s i s .  

( b )  Sample Runs 
I n  o r d e r  t o  demons t r a t e  the  o p e r a t i o n  

made f o r  com- 

of the  sys t em 

F I G s .  7(a-f) show e l e c t r o n  a t t achmen t  and DA r e s u l t s  i n  C C 1 4 ,  

SF6, CHC13, 1,lP2-C2C13F3 and C'C6F10. These r e s u l t s  demon- 

s t r a t e  the f o r m a t i o n  o f  p a r e n t  n e g a t i v e  i o n s  v i a  v i r t u a l  
s t a t e s  a t  z e r o  e l e c t r o n  energy shown i n  F I G .  7 ( b , f ) ;  DA f r a g -  
ments v i a  v i r t u a l  s t a t e s  a t  z e r o  energy shown i n  F I G .  7(a,e); 
DA f r agmen t s  v i a  real s t a t e s  a t  nonzero energy c o r r e s p o n d i n g  

t o  a r e v e r s a l  p o i n t  t o  the  r i g h t  of R shown i n  F I G .  7(d) ( t h e  

CHC13 r e sonance  l i es  a t  0.37 eV); and p a r e n t  n e g a t i v e  i o n s  v i a  
real  s ta tes  a t  nonzero energy shown i n  P I G .  7(c) ( t h e  SF; 

r e s o n a n c e  l i e s  a t  0.39 eV). The expe r imen t s  were a l s o  able  t o  

r e s o l v e  c lear ly  t h e  3 5 , 3 7 ~ 1 -  i s o t o p e s  i n  FIGs. 7 ( a , d , e ) .  The 

r a t i o  of peak h e i g h t s  v a r i e s  w i th  the  quadrupole  p o l e  bias,  

and does not  n e c e s s a r i l y  co r re spond  to  the  n a t u r a l  i s o t o p e  

ra t io .  
The q u e s t i o n  n a t u r a l l y  arises as t o  t h e  s e n s i t i v i t y  o f  

t h e  i o n i z a t i o n  s y s t e m  for d e t e c t i o n  of  t h e  molecu la r  t a r g e t s  
of  F I G , 7 ( a - f ) .  To d e t e r m i n e  t h e  s e n s i t i v i t y ,  one  o f  t he  

t a r g e t s ,  C C 1 4 ,  was chosen and t h e  method o f  s t a n d a r d  a d d i t i o n s  
was used. A m i x t u r e  o f  C C l 4  i n  n i t r o g e n  was p r e p a r e d ,  and t h e  

C1- count  ra te  was measured as a f u n c t i o n  o f  the  c o n c e n t r a t i o n  

C of t h e  mixture .  
Mixtures  were p r e p a r e d  i n  an a l l  s t a i n l e s s  s teel  vacuum 

Reagent g r a d e  C C 1 4 ,  system c a p a b l e  o f  b e i n g  heated t o  350 K .  
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hav ing  undergone e i g h t  freeze-thaw cycles was mixed w i t h  N2 

(99.99% p u r i t y )  i n  a c o n c e n t r a t i o n  r a t i o  C ( p a r t i c l e  d e n s i t y )  
= 1 ( p u r e  C C l 4 )  t o  5 ~ 1 0 - ~ .  The quadrupo le  mass s p e c t r o m e t e r  
was tuned on mass 35, and t h e  C1- s i g n a l  measured a t  each C t o  

5 a s t a t i s t i c a l  accu racy  o f  38. Care was t a k e n  i n  the concen- 
t r a t i o n  range 10'7<C<10'3 t o  e n s u r e  t h a t  t h e  m i x t u r e  was 

s table;  i .e. ,  there was no d e p l e t i o n  of the  C C 1 4  t h rough  wall 

a d s o r p t i o n  o r  chemical r e a c t i o n .  T h i s  s t a b i l i t y  was checked 

a t  t h e  lower c o n c e n t r a t i o n s  by mon i to r ing  the  C 1 -  s i g n a l  over  
a p e r i o d  o f  1 holir a t  C = 1 . 0 ~ 1 0 - ~ .  The s i g n a l  was c o n s t a n t  a t  
t h e  5% l e v e l .  

10 

R e s u l t s  of  the  s t a n d a r d  a d d i t i o n s  c a l i b r a t i o n  are shown 
i n  FIG. 8. The e r r o r s  shown r e p r e s e n t  t h e  q u a d r a t u r e  sum of 

t h e  s t a t i s t i c a l  c o u n t i n g  e r r o r  and the  e r r o r  i n  r e a d i n g  t h e  

15 two p res s i i r e  gauges.  The e l e c t r o n  c u r r e n t  was 2 . 8 ~ 1 0 - ~  am- 

p e r e s ,  and the p r e s s u r e  a t  t h e  g a s  i n l e t  o n l y  was estimated t o  
be i n  t h e  r ange  t o  t o r r .  One sees i n  FIG. 8 a uni-  
form decrease of s i g n a l  with c o n c e n t r a t i o n  from 8.4 kHz a t  

C=1.0  t o  130 Hz a t  C = 5 . 0 ~ 1 0 - ~ .  I t  is b e l i e v e d  tha t  t h i s  lower 
20 l i m i t  can be extended t o  the r a n g e  i n  a s t r a i g h t f o r w a r d  

f a s h i o n ,  mainly by i n c r e a s i n g  t h e  d u t y  c y c l e  of  t h e  i o n  ex- 
t r a c t i o n  by a f a c t o r  o f  16. 

Although p r e f e r r e d  embodiments of the i n v e n t i o n  have 
been descr ibed and i l l u s t r a t e d  h e r e i n ,  i t  is r e c o g n i z e d  t h a t  

25 m o d i f i c a t i o n s ,  improvements and e q u i v a l e n t s  may r e a d i l y  occur  

t o  t h o s e  s k i l l e d  i n  t h i s  a r t ,  p a r t i c u l a r l y  i n  improvements on 
e l e c t r o n  c u r r e n t ,  beam s ize ,  c o l l i s i o n  volame and t h e  l i k e ,  

which are c u r r e n t l y  be ing  examined. Consequent ly ,  i t  is 
i n t e n d e d  t h a t  t h e  claims be i n t e r p r e t e d  t o  cover  such  modif i -  

30 c a t i o n s ,  improvements and e q u i v a l e n t s .  



c 

89/116 
21 
w 

5 

REVERSAL ELECTRON ATTACHMENT 
I O N I Z E R  FOR DETECTION OF TRACE SPECIES 

ABSTRACT OF THE DISCLOSURE 

An i n - l i n e  r e v e r s a l  e l e c t r o n ,  h igh -cu r ren t  i o n i z e r  
c a p a b l e  o f  f o c u s i n g  a beam of e l e c t r o n s  t o  a r e v e r s a l  r e g i o n  

10 and e x e c u t i n g  a r e v e r s a l  of  said e l e c t r o n s ,  such  t h a t  t h e  

e l e c t r o n s  p o s s e s s  z e r o  k i n e t i c  energy a t  t h e  p o i n t  of r e v e r -  

sa l ,  may be used t o  produce b o t h  n e g a t i v e  and p o s i t i v e  i o n s .  A 

sample gas is i n t r o d u c e d  a t  the  p o i n t  of e l e c t r o n  r e v e r s a l  for 

low energy e l e c t r o n - ( s a m p l e  gas) molecule  a t t achmen t  with high 

15 e f f i c i e n c y .  The a t t achmen t  p r o c e s s  produces n e g a t i v e  i o n s  
from t h e  sample gas, which i n c l u d e s  species p r e s e n t  i n  t race 

(minu te )  amounts. These i o n s  are e x t r a c t e d  e f f i c i e n t l y  and 
directed t o  a mass a n a l y z e r  where t h e y  may be detected and 
i d e n t i f i e d .  The g e n e r a t i o n  and d e t e c t i o n  of  p o s i t i v e  i o n s  is 

20 accomplished i n  a ,similar f a s h i o n  w i t h  minimal ad jus tmen t  t o  
p o t e n t i a l s  a p p l i e d  t o  the  a p p a r a t u s .  


